ABSTRACT: A whole-genome scan was conducted using 132 microsatellite markers to identify chromosomal regions that have an effect on teat number. For this purpose, an experimental cross between Chinese Meishan pigs and five commercial Dutch pig lines was used. Linkage analyses were performed using interval mapping by regression under line cross models including a test for imprinting effects. The whole-genome scan revealed highly significant evidence for three quantitative trait loci (QTL) affecting teat number, of which two
Introduction
Because the number of teats is an important trait with regard to the mothering ability of sows, the pig industry has traditionally applied selection pressure to teat number (Pumfrey et al., 1980) . In particular, teat number plays an important role when the number is less than the litter size. Nevertheless, information about the inheritance of teat number is limited in comparison to other reproductive traits of pigs.
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were imprinted. Paternally expressed (i.e., maternally imprinted) QTL were found on chromosomes 2 and 12. A Mendelian expressed QTL was found on chromosome 10. The estimated additive effects showed that, for the QTL on chromosomes 10 and 12, the Meishan allele had a positive effect on teat number, but, for the QTL on chromosome 2, the Meishan allele had a negative effect on teat number. This study shows that imprinting may play an important role in the expression of teat number.
uting to genetic variation and provide insight into the form of gene action. Using a whole-genome scan, Rathje et al. (1997) and Wilkie et al. (1999) reported QTL for reproduction traits in pigs. Wada et al. (1998) reported a putative QTL affecting teat number on Sus scrofa chromosome 3 (SSC3). More recently, Rohrer (2000) identified one significant and two suggestive QTL for teat number on SSC1, 3, and 10. The Meishan breed has reproductive characteristics that differ from those of Western pigs. It is well known that Meishan pigs have more piglets per litter. Further, Haley et al. (1995) reported that the mean number of teats in the purebred Meishan breed was about 17.0, whereas mean teat numbers of about 14 are reported for the Large White breed (Clayton et al., 1981; Haley et al., 1995) .
The objective of this study was to identify regions of the genome that contain genes affecting teat number and evaluate the effect of these genes.
Materials and Methods
Crossbreds (F 1 and F 2 ) between Chinese Meishan pigs and Dutch pig lines were available from an experiment involving five Dutch pig-breeding companies. Randomly selected boars and sows from the F 1 population were mated to produce the F 2 population (Janss et al., 1997; de Koning et al., 1999) . A total of 1,173 F 2 animals with records on the number of morphological normal teats (referred to as teat number in the remainder of this article) were used for a whole genome scan. The number of teats was established shortly after birth. The F 2 animals, their 291 F 1 parents, and 19 Meishan grandsires were typed for 132 microsatellite markers, which cover over 90% of the porcine genome.
DNA for genotyping was isolated from frozen blood or tissue. Genotyping of microsatellite markers was as previously described (Groenen et al., 1996; De Koning et al., 1999) . Details about PCR reaction mixtures, PCR conditions, and multiplexes can be found in Groenen et al. (1996) . Multipoint recombination fractions were calculated using CriMap version 2.4 (Green et al., 1990) . Recombination fractions were transformed into map distances using the Haldane mapping function.
Preliminary analyses to assess the importance of genetic effects were performed. The phenotype data were analyzed assuming a polygenic inheritance model that included the fixed effect of sex. The heritability and variances were estimated using an animal model REML procedure (Gilmour et al., 1998) and using phenotypic observations on F 1 and F 2 animals.
The QTL analyses were based on the line-cross concept . This type of analysis has been applied to several crossbred pig populations (Andersson et al., 1994; Knott et al., 1998; de Koning et al., 1999) . The additive QTL effect was defined as half the phenotypic differences between homozygous pigs for the QTL alleles originating from the Meishan and the Dutch lines. In this study, the additive effects were estimated for the Meishan QTL allele. Thus, positive values of the additive effects denote an increase of the trait due to the Meishan alleles. The dominant effects were estimated as the deviation of heterozygous pigs from the mean of the homozygous pigs. At every centimorgan (cM) across the genome, the following model was fitted:
where µ is the mean, c ai is the coefficient for the additive component for individual i at the given location and c di is the coefficient for the dominant component for individual i at the given location, a and d are the estimated additive and dominant effect of a putative locus at the given position, and e i is the residual error. Imprinting is the phenomenon that autosomal genes in the genome are inherited in a silent state from one of the two parents, causing monoallelic expression (Bartolomei and Tilghman, 1997) . Based on the standard line-cross principles, systematic tests for imprinting have been suggested by Knott et al. (1998) and de . In addition to the standard line-cross analysis, the approach of De Koning et al. (2000) was used to test the contribution of the paternally and maternally inherited effects. Under the imprinting model, the probability that the Meishan allele is transmitted from the father or from the mother was used to estimate the additive parental effect instead of the additive and . The genetic model for a putative QTL was evaluated by a standard F-test on the contribution of the individual variance components of the saturated model to the reduction in the residual variance component. Imprinting was inferred if only one of the parental contributions was significant and no dominance was present.
The significance thresholds were determined empirically by permutations described by Churchill and Doerge (1994) . A total of 10,000 permutations were performed. The threshold used in this study was 5% genomewide threshold according to Lander and Kruglyak (1995) .
Results
The mean teat number of F 2 individuals was 15.4 ± 1.2 (Table 1 ). The estimated heritability was 0.53 in the present study. This estimate was higher than published values from 0.07 to 0.42 (Clayton et al., 1981; McKay and Rahnefeld, 1990) . In the present study, a cross between Meishan and Dutch lines was analyzed. If the F 0 animals were completely inbred, then all F 1 parents are expected to be identical and the estimated heritabilty would be low. The heritability estimate of 0.53, therefore, suggests that F 0 parents are not fixed at loci affecting teat number. For the interpretation of the heritabilty estimate of 0.53, it is further important to notice that heritability estimates for crossbreds are higher than those of purebreds, because a part of the dominance effects is attributed to additive effects (e.g., Besbes and Gibson, 1999) .
The whole-genome scan using standard line-cross analysis showed genomewide evidence for QTL affecting teat number on SSC10 (Table 2) . Under the linecross model with imprinting, both the paternal and maternal components were highly significant, indicating Mendelian expression for this QTL. The most probable position on SSC10 was found around 106 cM (between markers SW920 and SW951). The results for the linecross analysis considering imprinting showed that there was strong evidence for paternally expressed QTL on SSC2 and SSC12. The QTL on SSC2 was highly significant under the analysis considering imprinting, although this QTL did not exceed the genomewide threshold levels under the standard line-cross analysis (test statistic of 4.42). The most probable positions of the imprinted QTL on SSC2 and SSC12 were 2 cM (SW2443-SWC9) and 80 cM (S0090-S0106), respectively. Graphical representations of results for SSC2, SSC10, and SSC12 under standard and imprinting analyses are shown in Figures 1 to 3 , respectively. Table 2 shows the estimated effects for the significant QTL affecting teat number. The QTL affecting teat number on SSC10 was mainly of additive nature. The additive effect of 0.348 for the QTL on SSC10 indicates Figure 1 . Test statistics for SSC2 with regard to teat number under standard (Mendelian), paternal expression, and maternal expression models. The horizontal lines denote the 5% genomewide thresholds for the standard (solid line) and the imprinting (dashed lines) models, and the arrows indicate the location of the genetic markers that were used. that animals inheriting two Meishan alleles at this locus had 0.70 more teats than those that inherited both alleles from the Dutch lines. The negative effect of the QTL on SSC2 was surprising because Meishan animals have a larger number of teats than commercial Western pig lines. This result indicates that the genes in the Meishan breed still carry alleles that have an unfavorable effect on teat number, as compared with the alleles present at the corresponding locus in the Dutch lines. In addition to the significant QTL effects, strongly suggestive evidence for a maternally expressed QTL was found on SSC3, which has its best position at 90 cM in the S0216-S0002 interval (genomewide P-value ∼ 0.064).
Discussion
In this study, the data of F 2 individuals from a cross between the Meishan breed and Dutch pig lines were analyzed using a genomewide scan under line-cross analyses including a systematic test for imprinting, and thereby some convincing evidence for QTL affecting teat number was obtained.
Until now, only a limited number of reports have identified QTL for reproductive traits in pigs (Rothschild et al., 1996; Rathje et al., 1997; Wilkie et al., 1999) . Pumfrey et al. (1980) reported that genetic and phenotypic correlations of teat number with reproductive traits were negative, although not significant. A negative correlation would suggest that some of the QTL affecting teat number, have antagonistic effects on other reproductive traits. Wada et al. (1998) reported a QTL affecting teat number on SSC3. Rohrer (2000) reported suggestive QTL for teat number on SSC1 and SSC3 and a siginificant QTL on SSC10. In the present study, a suggestive QTL was located on SSC3, which seems to support the findings of Wada et al. (1998) and Rohrer (2000) . Wada et al. (1998) do not give any information on the location of the QTL on SSC3, but the QTL reported by Rohrer (2000) is close to the most likely position found in our study (90 cM). A highly significant QTL was detected by Rohrer (2000) on SSC10. In the same chromosomal region, a significant QTL was detected in the present study. In our study, we could not confirm the QTL on SSC1 for which Rohrer (2000) found suggestive evidence.
In this study, genomewide significant imprinted QTL were found on two chromosomes (Table 2 ). In particular, the QTL on SSC2 was only significant under the analysis considering imprinting (Figure 1 ). As pointed out by de Koning et al. (2000), although genomic im- Figure 3 . Test statistics for SSC12 with regard to teat number under standard (Mendelian), paternal expression, and maternal expression models. The horizontal lines denote the 5% genomewide thresholds for the standard (solid line) and the imprinting (dashed lines) models, and the arrows indicate the location of the genetic markers that were used. printing has been regarded as a rare phenomenon and ignored in most studies, it might be more common than previously thought. Furthermore, de Koning et al. (2000) mentioned that analysis under different modes of expression (i.e., paternal and maternal) can increase the power of finding genes. Only a few reports have provided information on genomic imprinting effects in domestic animals. Using only phenotypic data, de Vries et al. (1994) were the first to show that genomic imprinting may influence the rate and composition of growth in pigs. Maternal imprinting could explain 5 to 7% of the phenotypic variation. Note that "maternal imprinting" as defined by de Vries et al. (1994) is actually paternal imprinting and maternal expression. De Vries et al. (1994) pointed out that it was difficult to discriminate between a maternal imprinting effect and a genetic maternal effect using quantitative genetic analyses because these two effects are almost completely confounded. Only analysis at the molecular level permit investigation of imprinting effects because it allows separating the maternally inherited alleles within a litter.
Recently, Jeon et al. (1999) and Nezer et al. (1999) found imprinted QTL affecting carcass traits in pigs in the same region on SSC2 from experiments with an intercross between European wild boar and Large White and an intercross between Large White and Pié-train, respectively. The region on SSC2 detected in these studies was the same as that of the QTL on SSC2 for teat number found in the present study. More recently, de and Rattink et al. (2000) also found a paternally expressed QTL on SSC2 for backfat thickness in the same cross between the Meishan and commercial Dutch lines as described in this study. It is interesting to note that for different traits (i.e., carcass traits and teat number) paternally expressed QTL have been identified on SSC2. This might point toward the presence of one QTL influencing both traits or to different QTL that are both imprinted because all the genes located in this region are imprinted.
Comparative mapping between human (and also mouse) and pigs has been conducted in recent years to search for candidate genes for traits in pigs using the information derived from the human genome map (Pinton et al., 2000) . The distal tip of porcine chromosome SSC2 has shown to be homologous to human chromosome (HSA) 11p, where a large cluster of imprinted genes is located. Among those, IGF2 has been mapped to SSC2 and shown to be imprinted in pigs as well (Jeon et al., 1999; Nezer et al., 1999) . The SSC12 is homologous to HSA17 in human and chromosome 11 in mouse. Although no imprinted genes have been reported for this chromosome in human, Sapienza et al. (1992) reported that the ovum mutant gene on mouse chromosome 11 is paternally expressed. Furthermore, although not significant at the genomewide 5% level, strong evidence for a paternally imprinted QTL was found on SSC3. The SSC3 shows homologies to HSA2, 7, and 16. Imprinted genes have been reported up to now, for only two areas on HSA7, a cluster on HSA7p21-p11 and on 7q32 (Morison and Reeve, 1998; Blagitko et al., 1999) . Genes from these regions, however, map to SSC18, whereas the centromeric part of HSA7 in between is located on SSC9 (Pinton et al., 2000) . Due to the low resolution of the comparative map for SSC12, the imprinted genes from HSA7 cannot be excluded as possible candidates for the QTL on SSC3.
There is no final answer about why some genes are imprinted and how the genes become imprinted. It is only known that methylation of cytosine in CpG islands plays an important role during development and is essential for genomic imprinting (Bartolomei and Tilghman, 1997) . However, the presence of imprinting may lead to some important consequences for the practice of animal breeding. De Vries et al. (1994) pointed out that when a commercial product is based on a crossbreeding system with special sire and dam lines, selection in each line should take imprinted genes into account.
Implications
Teat number plays a significant role when there are more piglets than teats. The selection on litter size may require improvement of teat number. Evidence for quantitative trait loci (QTL) for teat number was found on chromosomes 2, 10, and 12, of which QTL on chromosomes 2 and 12 were imprinted. The markers associated with the significant QTL can be used in marker-assisted selection for teat number. The region on chromosome 2, for which a paternally expressed QTL was detected in this study, is reported as the IGF2 area with imprinted QTL affecting muscle mass and fat deposition. The result suggests that using the IGF2 locus for marker-assisted selection may affect traits other than the ones targeted for by marker-assisted selection. Furthermore, the existence of imprinted QTL opens new perspectives for the optimization of crossbreeding programs with specialized sire and dam lines.
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